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THE NATIONAL BUREAU OF STANDARDS 
Th-. National Rureau of Standards is a principal focal point in the Federal Government for emuring 

maximum application of the physical and engineering sciences to the advancement of technology in 
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to industry, business, and consumers in the development and acceptance of commercial standards and 
eimplificd trade practice recommendations; administration of programs in cooperation with United 
State9 business groups and standards organizations for the development of international standards of 
practice; and maintenance of a clearinghouse for the collection and dissemination of scientific, tech- 
nical, and engineering information. The scope of the Bureau's activities is suggested in the following 
listing of its four Institute8 and their organizational units. 
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Laboratory : Radio Standards Physics; Radio Standards Engineering. Office of Standard Reference 
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lnrtitute for Applied Technology. Building Research. Information Technology. Performance Test 
Development. Electronic Instrumentation. Textile and Apparel Technology Center. Technical Analysis. 
Office of Weights and Measures. Office of Engineering Standards. Office of Invention and Innovation. 
ofhce of Technical Resources. Clearinghouse for Federal Scientific and Technical Information.** 
Central Radio Propagation Laboratory.' Ionospheric Telecommunications. Tropospheric Tele- 
communications. Space Environment Forecasting. Aeronomy. 

Located at Boulder, Colorado 80301. 
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THE MECHANISM OF STRESS CORROSION OF TITANIUM ALLOYS 

EXPOSED TO CHLORIDES AT ELEVATED TEMPERATURES 

L 

This i n v e s t i g a t i o n  of t h e  mechanism of the  ho t  s a l t  s t ress-  

c o r r o s i o n  cracking of Ti-8Al-lMo-lV a l l o y  was i n i t i a t e d  du r ing  

May 1964 by the Corrosion Sect ion of  t h e  Nat ional  Bureau of Stand- 

a r d s  i n  cooperat ion with t h e  National Aeronautics and Space Admin- 

i s t r a t i o n .  This r e p o r t  covers work performed s i n c e  the  l a s t  of 

f o u r  q u a r t e r l y  s t a t u s  r e p o r t s *  which have been i s sued .  The p ro jec t  

was r e c e n t l y  refunded fol lowing a period of i n a c t i v i t y  subsequent 

t o  June 30, 1965. 

Summarizing b r i e f l y  the  work of the previous r e p o r t  per iods : 

The Ti-8Al-lMo-lV a l l o y  used i n  t h i s  i n v e s t i g a t i o n  was chosen due 

t o  i t s  l i ke l ihood  a s  a supersonic  t r a n s p o r t  s t r u c t u r a l  m a t e r i a l .  

S t u d i e s  have been made using a hollow t e n s i l e  specimen descr ibed 

i n  t h e  f i r s t  q u a r t e r l y  r epor t  which could be connected t o  a system 

f o r  c o n t r o l l i n g  the  atmosphere i n  i t s  i n t e r i o r  o r  evacuat ing i t  t o  

l e s s  than t o r r .  S a l t s  a r e  deposi ted from 10% aqueous s o l u t i o n  

on to  the  i n t e r i o r  of t h e  specimen which i s  then heated t o  750°F p r i o r  

t o  the  a p p l i c a t i o n  of 73,500 l b / i n 2  s t r e s s  which i s  90 percent  of 

i t s  y i e l d  s t r e n g t h  a t  t h a t  temperature.  A specimen wi th  i n t e r i o r  

w a l l  coated with 1 p a r t  MgC12’6H20 t o  7 p a r t s  NaCl and con ta in ing  

a d r y  oxygen atmosphere f a i l e d  a f t e r  an  exposure period a s  s h o r t  

* NBS Reports 8534, 8593, 8631 and 8690. 



a s  18 hours.  This was a s i g n i f i c a n t l y  s h o r t e r  specimen l i f e  than 

those  f o r  t h e  above system conta in ing  an  added smal l  excess  o f  water  

which i n d i c a t e s  t h a t  a c r i t i c a l  amount of water  vapor may be important .  

If HC1 gas  from the  hydro lys i s  of hydrated s a l t s  i s  important  i n  the  

a t t a c k  on t i t an ium a l l o y ,  t h i s  r e s u l t  may be i n  agreement wi th  t h e  

f a c t  t h a t  anhydrous HC1 gas i s  more severe  than moist .  Specimens 

con ta in ing  pure NaCl with moist  oxygen a r e  a t t acked  more r a p i d l y  

than  those  with d ry  oxygen. The p res su re  of oxygen gas ranging from 

150 IJ- t o  10 p s i  does not e f f e c t  corresponding v a r i a t i o n s  i n  specimen 

l i f e .  Mass spec t rographic  analyses  of gaseous products from t h e  

i n t e r i o r s  of  s e v e r a l  specimens showed no ch lo r ine  o r  hydrogen 

c h l o r i d e  a s  r e a c t i o n  products,  however, t he  s e n s i t i v i t y  o f  t h e  t e s t  

was not  such as t o  preclude t h e  ex i s t ence  of  minute q u a n t i t i e s  of 

t h e s e  products i n  the  specimen. F u r t h e r  s t u d i e s  were i n i t i a t e d  t o  

determine the  e f f e c t  o f  oxide i n  t h e  absence of gaseous oxygen, and 

t o  determine the  r o l e  of water  vapor o r  NaOH i n  the  r e a c t i o n .  

Specimens of Ti-8-1-1 a l l o y  s h e e t ,  s t r e s s e d  a t  40 t o  80 percent  

of t h e i r  y i e l d  s t r e n g t h  a s  four  point  loaded bent beams and coated 

wi th  NaC1, were exposed i n  a c i r c u l a t i n g  a i r  furnace  a t  800°F. 

Exposure per iods t o  f a i l u r e  gene ra l ly  increased  wi th  dec reas ing  s t r e s s  

and ranged from 64 days f o r  specimens s t r e s s e d  t o  80 percent  t o  9 1  

days f o r  specimens s t r e s s e d  t o  40 percent  of  t h e i r  y i e l d  s t r e n g t h .  
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Corrosion products have been s tud ied  by x- ray  d i f f r a c t i o n  and 

t ransmiss ion  electron-micrography. The usua l  oxides  of  t i t an ium 

a r e  found a s  w e l l  a s  l i nes*  f o r  an u n i d e n t i f i e d  phase "XI' which may 

be formed by a r e a c t i o n  between NaCl and t h e  oxide.  X-ray d i f f r a c -  

t i o n  p a t t e r n s  were a l s o  obtained dur ing  hea t ing  and cool ing  on the  

s u r f a c e s  of s t r e s s e d  t e n s i l e  specimens coated wi th  NaCl + MgCl2.6H20. 

Oxide s t r u c t u r e s  and the  decomposition of MgCl '6H 0 were s tud ied  a t  

va r ious  temperatures .  

2 2  

During the  present  period,work has continued on hollow specimens 

con ta in ing  an i n e r t  atmosphere. Argon i s  pu r i f i ed  through t i t an ium 

t u r n i n g s a t  1200°F t o  remove oxygen and n i t rogen  i m p u r i t i e s  and then 

cold t rapped before  in t roduc t ion  i n t o  t h e  evacuated specimen cav i ty .  

The argon a f t e r  s e v e r a l  f lush ings  i s  brought t o  about 5 p s i  before  

h e a t i n g  t h e  specimen i n  o r d e r  t o  a c t i v a t e  a pressure  swi tch  which 

w i l l  open an e lapsed  time meter c i r c u i t  when the  i n t e r n a l  pressure 

f a l l s .  

A number of specimens was preoxidized by exposing them t o  oxygen 

i n  a tube furnace a t  approximately 800°F f o r  about 65 hours.  Speci-  

mens a r e  then exposed t o  the  same condi t ions  o f  temperature  and 

s t ress  a s  those descr ibed previously f o r  specimens conta in ing  gaseous 

oxygen. An e a r l i e r  specimen conta in ing  the  NaCl + MgCl *6H 0 mixture  

f a i l e d  a f t e r  360 hours .  Two specimens con ta in ing  NaCl f a i l e d  i n  170 

2 2  

and 253 hours.  A t h i r d  specimen which was baked a t  temperature  under 

vacuum p r i o r  t o  i n t r o d u c t i o n  of t h e  argon i n  an a t tempt  t o  remove o r  

* NBS Report 8690 (5/12/65), Table 1. 
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combine oxygen occluded on the  wal ls  f a i l e d  i n  168 hours.  

ox id ized  specimen conta in ing  no s a l t  d i d  no t  show evidence of  crack-  

i n g  a f t e r  more than 600 hours of exposure t o  s t r e s s  and temperature.  

Likewise no evidence of cracking was found i n  two specimens 

A p r e -  

which were not  preoxidized conta in ing  NaCl o r  t h e  mixed s a l t  a f t e r  

500 hours exposure.  A t h i r d  specimen conta in ing  t h e  mixed s a l t  

evidenced smal l  cracks on subsequent examination, but  a s l i g h t  a i r  

l eak  was suspected i n  the  sys t em i n  t h i s  case,  and the  argon was 

introduced a t  atmospheric pressure r a t h e r  than a t  5 p s i  a s  i n  t h e  

o t h e r  specimens. Two specimens conta in ing  NaCl and p u r i f i e d  argon 

which was moistened by bjilbbling through water  f a i l e d  i n  326 and 

290 hours .  

Three specimens were run t o  s tudy  the  e f f e c t  of NaOH a s  a 

r e a c t a n t  i n  the  s t ress  cor ros ion  process.  The specimen i n t e r i o r s  

were coated from t h e  10% s o l u t i o n  of 7 NaCl t o  1 MgCl wi th  10% 

NaOH added. One specimen i n  which the  argon was placed a t  atmos- 

phe r i c  pressure  and i n  which an a i r  l eak  was a p o s s i b i l i t y  f a i l e d  

i n  142 hours.  Two o t h e r  specimens with the  introduced argon a t  5 

p s i  and l eak  t i g h t  showed no evidence of cracking when examined 

a f t e r  208 hours f o r  one and 570 hours exposure f o r  t h e  o t h e r .  All 

specimens which had not  cracked i n  500 hours of exposure t o  s t r e s s  

a t  temperature were elongated approximately 1.5 percent .  

2 
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I n  o r d e r  t o  v e r i f y  and s t u d y  wi th  f u r t h e r  c e r t a i n t y  the  behavior  

of preoxidized specimens i n  t h e  absence of uncombined oxygen, an i m -  

proved l a r g e r  c a p a c i t y  vacuun system i s  being constructed.  A l s o  t h e  

specimen plug s e a l  has been changed t o  an improved high vacuum and 

temperature couple design. 

Tests are being conducted t o  compare the  e f f e c t s  of d i f f e r e n t  

a l k a l i  and a l k a l i n e  e a r t h  ch lo r ides .  Specimens of  t he  s h e e t  m a t e r i a l  

stressed a t  80 percent  of t h e i r  y i e l d  s t r e n g t h  a s  fou r  point  loaded 

bent beams were coated by spraying and hot  a i r  gun d ry ing  of 10% 

s o l u t i o n s  of t he  fol lowing s a l t s :  L i C 1 ,  KC1, C s C 1 ;  MgC12, CaC12, 

SrC12, BaC12, and a e u t e c t i c  mixture of L i C 1 - K C 1  ( 6 7 0 " ~ ) .  

e u t e c t i c  mixture was poured i n  t h e  molten s t a t e  over  ano the r  s p e c i -  

men, and a c o n t r o l  specimen was included with no s a l t  app l i ed .  

Specimens with the h ighe r  vapor pressure e u t e c t i c  mixture  were 

placed i n  g l a s s  tubes having the ends plugged with g l a s s  wool be fo re  

p l ac ing  i n  the furnace a t  800°F. Three specimens f a i l e d  i n  less 

than 20 hours exposure - both specimens with t h e  e u t e c t i c  a p p l i c a -  

t i o n  and one with L i C l  a lone.  

i n  more than 70 days t o  d a t e ,  The most c a t a s t r o p h i c  f a i l u r e  occurred 

wi th  t h e  specimen having t h e  e u t e c t i c  mixture  app l i ed  i n  the  molten 

s t a t e  with evidence of heavy vapor r e d e p o s i t i o n  on the  tube i n t e r i o r .  

However, t h e  f a c t  t h a t  such s h o r t  specimen l i f e s  were produced i n  

a l l  t h r e e  cases  where L i C l  was present would lead t o  an a n a l y s i s  

The 

The o t h e r  specimens have not cracked 
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s t r e s s i n g  t h i s  po in t  r a t h e r  than one s t r e s s i n g  the  importance of 

s a l t s  i n  a molten o r  vapor s t a t e .  S tud ie s  of t h e  d i f f u s i o n  of  L i  

i n  r u t i l e *  have ind ica t ed  t h e  p o s s i b i l i t y  t h a t  t he  L i  i o n i c  r ad ius  

(0.62 51 compared t o  Na 0.97 2) corresponds t o  t h a t  which would 

produce a minimum a c t i v a t i o n  energy f o r  d i f f u s i o n  i n  r u t i l e .  Also 

i t  i s  suggested t h a t  L i  i s  s i m i l a r  t o  H i n  mechanism of i n t e r s t i t i a l  

d i f f u s i o n .  However, x-ray d i f f r a c t i o n  work i n  our  l abora to ry  i n d i -  

c a t e s  t h a t  L i C l  on t i t an ium produces an amorphous mass when heated 

t o  750°F f o r  s e v e r a l  hours .  

I n  a d d i t i o n  t o  t h e  ca t a s t roph ic  f a i l u r e  i n  t h e  case  of  vaporized 

low mel t ing  e u t e c t i c ,  support  can be gained f o r  a vapor a t t a c k  

mechanism from meta l lographic  s t u d i e s  which have been performed on 

s h e e t  specimens i n  contac t  with NaCl which were placed i n  a furnace 

a t  800°F i n  an oxygen atmosphere f o r  30 days.  

t h e  whisker s t r u c t u r e s  observed on these  specimens which were 

i d e n t i f i e d  a s  p r imar i ly  NaC1. Most whiskers were white  i n  appear- 

F ig ,  1 i l l u s t r a t e s  

ance, but  o t h e r s  which were black had a th i cke r ,  t u b u l a r  s t r u c t u r e  

and gave l i n e s  f o r  r u t i l e .  It i s  of  i n t e r e s t  t h a t  t hese  s t r u c t u r e s  

a r e  s i m i l a r  t o  t h e  dark  sp ike - l ike  s t r u c t u r e s  which were un iden t i -  

f i e d  i n  a previous e l e c t r o n  t ransmiss ion  micrograph** o f  a su r face  

f i l m  s t r i p p e d  from t h e  i n t e r i o r  of a f a i l e d  hollow specimen. 

* O.W. Johnson, Phys. Rev. 136, A284 (1964). 

** NBS Report 8631 (2/3/65),  F ig .  4. 



Figure 1. Surface of sheet  specimen with NaCl 
corrodent a f t e r  exposure i n  oxygen atmosphere a t  
800°F for 30 days.  Whiskers are  e i t h e r  primarily 
NaCl (white)  o r  r u t i l e  (b lack) .  Pr int  from 35 mm 
c o l o r  s l ide .  X 95 .  


